T he hypoglycosylation of a-dystroglycan is a new disease mechanism recently identified in four congenital muscular dystrophies (CMDs): Walker-Warburg syndrome (WWS), muscle-eye-brain disease (MEB), Fukuyama CMD (FCMD), and CMD type 1C (MDC1C). 1 The underlying genetic defects in these disorders are mutations in known or putative glycosyltransferase enzymes, which among their targets probably include a-dystroglycan. FCMD (MIM: 253800) is caused by mutations in fukutin 2 ; MEB (MEB [MIM 236670]) is due to mutations in POMGnT1 3 ; and in WWS (WWS [MIM: 236670]) POMT1 is mutated. 4 In addition to the brain abnormalities, both MEB and WWS have structural eye involvement. In FCMD, eye involvement is more variable, ranging from myopia to retinal detachment, persistent primary vitreous body, persistent hyaloid artery, or microphthalmos. 5 WWS, MEB, and FCMD display type II or cobblestone lissencephaly, in which the main abnormality is different degrees of brain malformation secondary at least in part to the overmigration of heterotopic neurones into the leptominenges through gaps in the external (pial) basement membrane. 6 7 Whereas there are broad similarities between WWS and MEB, clear diagnostic criteria differentiating between these two conditions have been proposed 8 and are shown as clinical features in table 1. A similar combination of muscular dystrophy and cobblestone lissencephaly is also found in the myodystrophy mouse (myd, renamed Large myd ), in which the Large gene is mutated. 6 9 10 Our group has very recently identified mutations in the human LARGE gene in a patient with a novel form of CMD (MDC1D).
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The gene encoding the fukutin related protein (FKRP, [MIM 606612]) is mutated in a severe form of CMD (MDC1C, [OMIM 606612]). 12 Clinical features of MDC1C are onset in the first weeks of life, inability to walk, muscle hypertrophy, and highly elevated serum creatine kinase (CK) levels. 12 13 Mutations in the same gene also underlie a milder form of muscular dystrophy (limb girdle muscular dystrophy 2I or LGMD2I), characterised by childhood or adult onset and a relatively benign course, although dilated cardiomyopathy is a common feature [OMIM 607115]. [13] [14] [15] The hypoglycosylation of a-dystroglycan is more variable in MDC1C and LGMD2I than that seen in WWS, MEB, and FCMD 4 13-17 and, in contrast to the other forms of muscular dystrophy in which a-dystroglycan is hypoglycosylated, these patients lack structural brain or eye involvement. This is surprising, since FKRP is expressed in the brain 12 and a-dystroglycan glycosylation is critical for normal brain formation. 6 18 Therefore, either the biochemical modification carried out by FKRP is redundant in brain, or the mutations identified in MDC1C and LGMD2I patients may still allow residual FKRP activity that does not fall below a threshold and produce a brain phenotype. We recently described two MDC1C patients with FKRP mutations who also had mild mental retardation and cystic changes in the cerebellum. 19 This suggested that some FKRP mutations might also affect the brain. However, the absence of cobblestone lissencephaly and eye involvement clearly differentiated these patients' conditions from MEB and WWS. We now describe two patients from two separate families, with severe structural eye changes and cobblestone lissencephaly. Patient 1's illness was diagnosed as MEB, and patient 2 had WWS; both children had homozygous missense FKRP mutations.
CASE REPORTS

Patient 1
The first patient (fig 1 and table 1 ) was a boy born at term after an uneventful pregnancy to non-consanguineous German parents. He developed respiratory distress in the neonatal period, requiring ventilation for two days. He was subsequently investigated for muscle hypotonia and roving eye movements at the age of 6 weeks. Serum CK activity was markedly elevated at 3696 U/l (nv,200 U/l). A muscle biopsy showed changes that were suggestive of a muscular dystrophy. There was no muscle available for additional studies. The boy never gained the ability to control his head, sit, or roll over. He showed profound mental retardation and never learned to speak. From the age of 3 years he required tube feeding. Electrocardiography at 3.6 years of age showed left ventricular hypertrophy. He suffered from recurrent pneumonias, and eventually died during a respiratory infection at the age of 7 years.
The boy was clinically blind. Fundoscopic examination showed extreme rarefaction of pigment epithelium, no demarcation of the macula, and a severe myopia bilaterally. At the age of 6 years he developed bilateral retinal detachment, and cryocoagulation of the left eye and vitrectomy of the right eye became necessary. Brain MRI at the age of 7 years showed features suggestive of cobblestone lissencephaly. These included a hypoplastic brainstem and cerebellar vermis with dysplastic foliar pattern, a DandyWalker-like malformation, and moderate hypoplasia and dysplasia of cerebellar hemispheres with multiple cerebellar cortical and subcortical cysts ( fig 1A-C) . In addition, a thickened (pachygyric) cortex over the frontal pole and medial aspect of the anterior frontal pole was seen ( fig 1C) . The severe eye involvement is also shown (fig 1D-F) . The findings in the right eye after vitrectomy can be appreciated. The signal intensity of the vitreous body of the left eye is also abnormal, slightly increased, as a consequence of a haemorrhage and/or preceding laser coagulation.
Patient 2
The second patient (fig 2 and table 1 )was a girl born to consanguineous Asian parents, briefly described previously as case number II.1 in family #12 by Cormand, et al. 8 She presented at birth with marked hypotonia, feeding difficulties, and a congenital hydrocephalus associated with a Dandy-Walker-like malformation. On examination in the first week of life, she had a severe hypotonia with no antigravity movement and absence of head control; she was nasogastrically fed. A very low anterior hairline was observed, together with right sided microphthalmia, corneal clouding, and coloboma, and left sided retinal pigmentary changes. Serum CK was markedly elevated at 15 572 UI/l (nv,200 UI/l). A brain MRI showed a large cyst within the posterior fossa of the brain, with splaying of the cerebellar hemispheres. There was absence of the cerebellar vermis, pons hypoplasia, marked dilation of the lateral and third ventricles, and absence of the corpus callosum (fig 2A-D) . The white matter signal was increased throughout the supratentorial regions. There was also a complete absence of cortical sulci, indicating lissencephaly. She underwent ventriculoperiteoneal shunting at the age of 5 days, and eventually died at the age of 3 years. 
METHODS
Genetic analysis
Genetic analysis was performed after obtaining informed consent (HH Trust protocol number 00/5802). Mutation analysis was carried out by amplifying a 1.7-kb fragment of genomic DNA containing the entire FKRP coding sequence, using Advantage-GC Genomic Polymerase Mix (Clontech, www.clontech.com) and primers FKRP-1F (AAAGGGAATTGAGAAAGAGC) and FKRP-5 (GCTCACAC AGAGCTTCTCC). PCR products were separated by agarose gel electrophoresis, purified (Qiagen, www1.qiagen.com) and used for direct sequencing. Sequencing reactions were completed using an ABI Prism BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and primers FKRP-1R (GCAGGAAGGAGTCTACCAG), FKRP-2R (CCGAGAGGTTGAAGAGGT), FKRP-3F (AGTTTGTGGCCCT AGTACCT), FKRP-4R (CCTTCTCCCATACGAAGC), and FKRP-5R. Sequencing products were separated on an ABI377 automated sequencer (Applied Biosytems) and analysed using SeqEd (Applied Biosytems).
Linkage analysis to the FKRP locus was determined using flanking markers D19S219 and D19S606. The order of markers was centromere-D19S219-FKRP-D19S606-telomere. Linkage to the MEB locus was determined using flanking markers D9S260 and D9S1793, which lie 3.1 cM centromeric and 3.9 cM telomeric to the locus, respectively. Mutation analysis of the POMT1 3 and POMGnT1 4 gene was performed using the genomic primer combinations described by A Yoshiba, et al 3 and D Beltran-Valero de Bernabé, et al, 4 respectively.
RESULTS
Patient 1
The original diagnosis in this child was MEB, but it did not link to the POMGnT1 locus (not shown). Sequencing of the entire FKRP coding region identified a homozygous T919A missense mutation (fig 3) . This mutation changes a tyrosine residue at position 307 into an asparagine, and was not found in 200 controls. Tyrosine 307 is conserved in both mouse and rat.
Patient 2
This child had an original diagnosis of WWS. However, sequence analysis of the POMT1 gene did not reveal any mutations, nor was a mutation detected in the POMGnT1 gene, although the patient showed homozygosity at this locus as well (not shown). Further linkage analysis to other putative glycosyltransferases was performed in this family, as previously in another 28 WWS families unlinked to the POMT1 locus. 4 All two families, including family 2 reported in this study, were compatible with linkage to the FKRP locus Figure 2 The brain MRI of patient 2 (LP97-123) at 3 days shows diffuse agyria with a thick 1 cm cortex (arrows in C), discontinuous laminar heterotopia just beneath the cortex (arrows in B), abnormal white matter with high T2 signal, enlarged lateral ventricles, and hypoplastic or possibly absent corpus callosum. The brainstem is small with an enlarged tectum, a mild kink at the midbrain-pons junction, and a very flat pons (A). The kink is less severe than usual for WWS. The cerebellar vermis is severely hypoplastic and the fourth ventricle communicates widely with a retrocerebellar fluid collection (A). 2 (fig 3) . This mutation changes a cysteine at position 318 to tyrosine, and was not found in 200 controls. Cysteine 318 is conserved in both mouse and rat. No mutation in the coding region of the FKRP gene had been found in the other family with a WWS diagnosis linked to the FKRP locus.
DISCUSSION
These two cases clearly demonstrate that some FKRP mutations can result in structural brain and eye abnormalities. The two patients in this study and the two families with cerebellar cysts reported by Topalolgu, et al, 19 all with central nervous system involvement and FKRP mutations, were homozygous for their respective mutations. The most likely explanation for the brain involvement is that these mutations are more severe and result in more severe disruption of adystroglycan glycosylation. Although this could not have been formally demonstrated in the patients described in this study, our recent finding that a-dystrolgycan was more severely reduced in the patients with MDC1C with cerebellar cysts, 19 compared with previously noted MDC1C patients without brain involvement, 12 is consistent with this hypothesis. In this context it is important to note that compound heterozygosity for two null alleles has not been found in FKRP, suggesting that it might not be compatible with life. The mutations associated with brain involvement are not located in a different region of the protein compared with mutations previously reported ( fig 3B) . [12] [13] [14] [15] The Tyr307Asn mutation has previously been demonstrated in an individual with LGMD2I who was a compound heterozygote for this change and the Leu276Ile mutation. 13 (This latter mutation is very common in the UK LGMD2I population, and is frequently found homozygously in mildly affected persons.) [12] [13] [14] [15] This individual's relatively mild phenotype was presumably due to the less severe nature of the Leu276Ile mutation. However, the disease course was still unusually severe (the patient died in his early teens), which supports the notion that Tyr307Asn is a particularly severe FKRP mutation. The Cys318Tyr mutation has not been identified previously, and presumably the removal of a cysteine residue, with its ability to form disulphide bridges, has profound consequences on correct protein folding.
Dystroglycan is a peripheral membrane protein of the dystrophin-glycoprotein complex (DGC) common to several tissues, including muscle, nerve, heart, eye, and brain. [20] [21] [22] [23] In skeletal muscle, the DGC links the subsarcolemmal actin associated cytoskeleton to the extracellular matrix, via dystrophin and the laminin a2 chain of laminin 2. 24 25 Normal dystroglycan expression and the proper glycosylation of its a subunit are required for binding to a number of extracellular ligands, including laminin, neurexin, and agrin. 6 7 18 23 Disruption of these interactions results in defects of basement membranes in both skeletal muscle and brain. 6 7 The integrity of the pial basement membrane, which covers the surface of the brain, is necessary for the organisation of a subpopulation of glial cells, the radial glial cells, which guide the migration of neurones on their inside out journey from the proliferative periventricular regions to the surface of the brain. 7 26 27 Defects in the pial basement membrane result in the migration of neurones and glial cells beyond the interrupted pial membrane, giving rise to the cobblestone appearance of the brain. 18 28 29 Cobblestone lissencephaly is a consistent feature of FCMD, MEB, WWS, the Large myd mouse, and MDC1D, but has never been previously described in patients with MDC1C or LGMD2I.
The finding that both MEB and WWS arise from mutations in the FKRP gene further expands the already wide phenotypic spectrum for FKRP mutations. Phenotypic variability, though not as broad as that seen in FKRP, has recently been described in patients with mutations in the fukutin gene. Whereas mutations that give rise to FCMD are predicted to maintain some protein activity, 2 homozygous null alleles of the fukutin gene give rise to WWS. 31 The clinical spectrum arising from mutations in POMGTn1 is also much wider than was originally appreciated. 32 Our data now indicate that mutations of the FKRP gene also can disrupt brain structure to a degree most likely depending on the severity of the effect the particular mutation has on protein function. The cobblestone lissencephaly and the structural eye involvement characterise the severe end of the phenotypic spectrum associated with FKRP mutations. Effects range from the catastrophic and early fatal outcome of WWS cases, to the minimal physical disability of patients who remain ambulant in their seventh decade of life. 15 33 Finally, our results suggest that, whereas typical MEB and WWS patients can be distinguished by brain imaging, 8 they form part of a single disease spectrum resulting from hypoglycosylation of a-dystroglycan in which differences in severity are due to the particular disruption that an individual mutation has on the relevant glycosyltransferase.
